Although many factors have been reported to change the R wave amplitude of the electrocardiogram (ECG), few observations have been made of the associated changes in T wave amplitude. We hypothesized that changes in R and T wave amplitude should parallel each other. To test this hypothesis, R and T wave amplitudes were measured in 15 normal subjects during increased and decreased left ventricular dimensions induced by infusion of methoxamine and by Valsalva maneuver, respectively, as well as during changes in the proximity of the left ventricle to the chest wall (i.e., shift in patient position from supine to left lateral position). Simultaneous nine-lead ECGs and twodimensional-guided M mode echocardiograms of the left ventricle were recorded at rest and under each experimental condition. R wave amplitude increased as the left ventricular lateral wall moved closer to the V5 and V6 electrodes. Alterations in R wave amplitude seen with changes in left ventricular chamber size were primarily caused by radial movement of the left ventricle in relation to the chest wall. Proximity of the left ventricle to the chest wall was therefore a major determinant of R wave amplitude. In contrast, T wave amplitude varied directly with alterations in left ventricular chamber size but was unaffected by changes in proximity to the recording electrode on the chest wall. Left ventricular chamber size, and possibly the associated alteration in endocardial-to-epicardial surface area ratio, appeared to be the major determinants of T wave amplitude. Circulation 72, No. 3, 495-501, 1985. CHANGES in ST-T wave morphology are commonly used to evaluate clinical problems such as electrolyte disturbances, drug intoxications, myocardial ischemia, and infarction. Although many factors modify QRS amplitude, there are few studies examining the factors determining concomitant change in the T wave. ' Many significant influences on the amplitude of the electrocardiographic QRS complex have been described. Changes have been noted during dynamic exercise, 3 in pericardial effusion, during myocardial ischemia,4, 5with QRS axis shifts,6 and with changes in intramyocardial conduction.' Conditions causing changes in left ventricular chamber size cause alterations in electrocardiographic waveform amplitude in humans.-'5 In left ventricular volume overload states, increases in both T and R wave amplitude have been observed, but no explanation has been proposed for the
finding.'6 Using a mathematical model, Brody' suggested that intracardiac blood, a highly conductive mass, augments the electrocardiographic surface potential if the progress of myocardial excitation is radial to the blood mass. In contrast, we have recently shown that increases in R wave amplitude, associated with increases in left ventricular chamber size, are primarily a function of changes in the proximity of the left ventricular lateral wall to the chest wall rather than of an increase in left ventricular blood volume. '7 We hypothesized that variations in T wave amplitude should parallel those of R wave amplitude. To test this hypothesis, R and T wave amplitudes were measured during alterations in left ventricular chamber size and in position of the left ventricle in the chest.
Methods
The study population consisted of 15 healthy male subjects 21 to 33 years old (mean + SD 26 + 4). All subjects had normal intracardiac anatomy and left ventricular performance on twodimensional echocardiographic study as well as a normal scalar electrocardiogram (ECG). The experimental protocol was approved by the University of Chicago Clinical Investigation Committee; written informed consent was obtained from each subject.
Nine-lead ECGs were recorded during held end-expiration on a Marquette Electronics MAC 11 (Microcomputer Augmented Cardiograph). Leads V1, V3, and V4 were not recorded to permit echocardiographic imaging during the electrocardiographic recording. The electrocardiographic recorder was programmed to write out the median QRS-T complex averaged over 10 sec from all the complexes in a given lead. In this manner variations in amplitude during any single recording were minimized. R wave amplitude was measured as the vertical distance from the PR segment to the peak of the R wave. T wave amplitude was measured from the PR segment to the peak of the T wave. T wave area was planimetered from computer-stored records magnified to twice the usual amplitude at a paper speed of 50 mm/sec. The experimental protocol used for echocardiographic recordings in this study has been described previously. 19 Scalar ECGs and two-dimensional and targeted M mode echocardiograms were recorded simultaneously from 10 subjects. Recordings were made under resting conditions, during Valsalva maneuver to decrease left ventricular dimensions,.8 and at peak pressor effect induced by the specific a,-adrenergic agonist methoxamine to increase left ventricular dimensions. 19 Systemic blood pressure was monitored throughout these studies by the Dynamap 1846P Vital Signs Monitor (Critikon Inc.. Tampa. FL). In eight subjects simultaneous targeted M mode echocardiograms and ECGs were recorded at end-expiration with subjects in the supine and then in the left lateral decubitus positions to vary the proximity of the left ventricle to the lateral chest wall. These tracings were made under baseline resting conditions without other interventions. Simultaneous recordings of the targeted left ventricular M mode echocardiogram and ECG were performed at held end-expiration under control conditions. Recordings were repeated during the strain phase of the Valsalva maneuver when the left ventricular end-diastolic dimension was smallest. After returning to control status, all subjects received an intravenous bolus of atropine sulfate (0.01 mg/kg). This was followed by an infusion of methoxamine hydrochloride (1 mg/min). When peak systolic blood pressure had inc reased 30 to 60 mm Hg above control, the methoxamine infusion was discontinued. The peak pressor effect lasted 2 to 5 min. during which time another set of end-expiratory echocardiographic and electrocardiographic recordings was made. A 20 degree left lateral position was used during the control phase. Valsalva maneuver, and methoxamine phase to facilitate echocardiographic recording.
Left ventricular dimensions and wall thicknesses were measured as previously described'`from targeted M mode echocardiograms recorded on a Hewlett-Packard Ultrasound Imaging System model 77020A (Andover, MA). In addition, the distances from the chest wall to the leading edge of the right septal surface and from the chest wall to the leading edge of the posterior epicardial surface were measured. Distance between the chest wall adjacent to the V5 electrocardiographic electrode and the left ventricular endocardium was measured from targeted M mode echocardiograms obtained with the transducer in the apical four-chamber position. This distance was measured from the first chest wall echo to the leading edge of the left ventricular apical endocardium.
To further characterize geometric differences between the baseline, decreased, and augmented left ventricular volume conditions, the surface area of the endocardium and that of the epicardium were computed. The short-axis echocardiographic dimension was used as the minor diameter of a prolate ellipse; the major diameter was assumed to be twice the minor diameter.
Twice the left ventricular end-diastolic wall thickness was then added to the endocardial end-diastolic dimension to approximate epicardial diameter. The endocardial or epicardial radius of curvature (r) was calculated as the left ventricular dimension divided by 2. These assumptions have previously been shown to be reasonable in normal subjects without regional wall motion abnormalities."} 21 Endocardial and epicardial surface areas (S) were derived as follows. The volume of an ellipse is: V = 4/3 T (r1) (r,) (r3) where r, = the major axis and r, and r3 = the minor axes of the ellipse. The two minor axes of a prolate ellipse are equal, so r,
In a normal left ventricle the major axis is approximately twice the minor axis, therefore
The surface area is the first derivative of the volume:
All echocardiographic measurements were taken as the average of three to five cardiac cycles. Echocardiographic tracings and electrocardiographic T wave areas were digitized and analyzed on a Franklin Quantic 1200 analog-to-digital computer (Bruce Franklin, Inc., Seattle WA).
Statistical analysis. Paired . tests were performed to compare control values with data obtained at peak effects of Valsalva maneuver and methoxamine and supine vs left lateral positions. A p value <.05 was considered statistically significant. To test the relationship between two variables, correlation coefficients were calculated by least-squares linear regression analysis. Group data are expressed as mean -SD.
Results
Relationship between R wave amplitude and left ventricular chamber size and position. In all subjects, left ventricular dimension decreased at peak Valsalva maneuver and increased at peak methoxamine effect relative to baseline values (p < .001). R wave amplitude did not change consistently in electrocardiographic leads I, II, III, aVR, aVL, aVF, or V, (table 1). As seen in figure 1, A, changes in left ventricular size were associated with significant changes in R wave amplitude in leads V and V6. For each subject the lead showing the greatest change was used in this analysis. There was a 21 % increase in R wave amplitude with increased left ventricular size and a 17% decrease with decreased size (p < .001). In every instance interventions resulted in directionally similar changes in R wave amplitude and left ventricular end-diastolic dimension (p < .001). When the percent change in R wave amplitude vs the change in end-diastolic dimension was considered, the correlation coefficient was .81.
The correlation coefficient between distance from the chest wall to the left ventricular wall and change in R wave amplitude was .79. Thus as the left ventricular chamber expanded radially toward the posterior and lateral chest wall, R wave amplitude increased. Simi- to the associated R wave amplitude increase (R and T in lead V5 increased 30% and 29%, respectively; R and T in lead V6 increased 32% and 34%, respectively). In the left lateral position, frontal plane R and T wave mean axes shifted to the right. Although the change was not statistically significant, it was associated with decreases in QRS and T amplitude in the relevant leads, as has been previously described.8 In contrast, the T/R ratio increased with alteration in ventricular dimensions (figure 2). Moreover, this primary effect registered on the T wave of the frontal as well as the lateral precordial leads.
Change in endocardial/epicardial surface area ratio. Endocardial surface area decreased 21 % and epicardial 9% with Valsalva maneuver. With methoxamine infusion there was a 14% increase in endocardial surface area and a 7% increase in epicardial surface area. The increase in the ratio of calculated endocardial-to-epi- cardial surface area with increasing left ventricular dimension, from smallest to largest, was 23% (p < .01). This paralleled the increase in T wave amplitude (see figure 4 and table 3 ).
Discussion
Determinants of T and R wave amplitude. In this study we found that a major determinant of T wave amplitude is left ventricular cavity size, while R wave amplitude is influenced more by the proximity of the left ventricle to the chest wall. R wave amplitude changes were noted consistently only in the lateral precordial leads, where proximity of the left ventricle to the chest wall varies with both left ventricular volume and changes in left ventricular position (figure 1). In contrast, T/R amplitude ratio changed with left ventricular chamber size but not with change in position ( figure  3) . Changes in T wave amplitude and T/R ratio were also seen in both the frontal and precordial leads. Thus it appears that the T wave is a more convincing substrate for the "Brody effect" than the QRS complex, since alternative explanations for change in QRS amplitude are available. '7 Although the R wave is largely an expression of the ordered, sequential activation of myocardial fibers, the orientation of the T wave is dependent both on the sequence of repolarization and the comparative local durations of this recovery process.' [22] [23] [24] in this respect is the gradient of action potential duration from endocardium to epicardium.25 26 The duration of the endocardial action potential normally exceeds that of the epicardium. Although recently challenged,27 the explanation for this difference has long been attributed to the electrotonically expanding influence of Purkinje fibers on the endocardial action potentials.28 When the difference is substantial and Vol. 72, No. 3, September 1985 exceeds the transmural propagation time, the T wave is positive in overlying unipolar surface leads, particularly those near the cardiac apex. Conditions that enhance the endocardial/epicardial gradient without rearranging the relationship of the various regional (base, apex, etc.) recovery times can similarly augment the amplitude of positive T waves. 29 Alteration in plasma levels of sympathetic amines may cause changes in T wave amplitude.29 However, these changes consist of a flattening of the T wave, a finding opposite to that found in this study. invariably been associated with changes in QT interval.29, 30 None of our subjects demonstrated significant change in QT or corrected QT intervals. It is therefore unlikely that variations in autonomic tone played a part in the changes in T wave amplitude observed in this investigation. Endocardial/epicardial surface area ratio. According to solid angle theory, the major determinants of the voltage of an electrocardiographic deflection at any given moment include the area subtended by the boundary separating areas of differing voltage and the gradient of voltage difference across this boundary.3' If reduction or expansion of cavity size does not alter the endocardial/epicardial gradient, there is a change in the relationship between the total available areas at the two surfaces. Assuming the cavity is an ellipse, it expands at the expense of epicardial surface area. In this study the endocardial/epicardial ratio increases by 23% (figure 4 and table 3). We believe that this augmentation of endocardial influence may explain why the amplitude of the T wave, unlike that of the QRS complex, is altered directly by changes in cavity size. With respect to T wave amplitude it is possible that this alteration in the endocardial/epicardial area rather than a change in intracavitary blood volume is the explanation of the "Brody effect" as it applies to the T wave.9 If the thinning of the ventricular wall found with left ventricular cavity expansion caused a reduction in the endocardial-to-epicardial propagation time, this also would exaggerate the transmural gradient of recovery times, favoring augmentation of T wave amplitude. Changes in the T wave/R wave relationship are also seen in exercise testing. [32] [33] [34] This study demonstrates that changes in T wave size may result from alterations in both left ventricular dimension and R wave amplitude per se. In the interpretation of T wave changes in clinical settings, the effect of left ventricular expansion on T wave amplitude must be considered in conjunction with the underlying condition.
